Cysteine-scanning mutagenesis was performed from Ser-130 to Leu-160 in the fourth transmembrane domain (TM4) of the Na ؉ /H ؉ antiporter NhaA from Helicobacter pylori to determine the topology of each residue and to identify functionally important residues. All of the mutants were based on cysteine-less NhaA (Cys-less NhaA), which functions very similarly to the wild-type protein, and were expressed at a level similar to Cys-less NhaA.
Na
ϩ /H ϩ antiporters are ubiquitous membrane proteins that are located in the cytoplasmic and organelle membranes of most cells from bacteria to humans (1) (2) (3) (4) (5) . They play a primary role in the regulation of intracellular pH and cellular Na ϩ concentrations by exchanging Na ϩ for H ϩ . In Escherichia coli, three Na ϩ /H ϩ antiporters (NhaA, NhaB, and ChaA) are known and their functional characteristics have been well described (5) (6) (7) (8) (9) . Among the three antiporters, EC NhaA 1 plays a major role in regulating intracellular Na ϩ concentrations (1) . Its activity is dependent on environmental pH and increases markedly as pH is elevated from neutral to alkaline. At pH 7.0, EC NhaA has negligible antiporter activity, whereas at pH 8.5, it is enhanced by three orders of magnitude (8) . The NhaA gene has been cloned (5) , and essential residues for ion transport have been deduced on the basis of its primary structure (10, 11) . The topological arrangement of 12 putative transmembrane helices (TM) in EC NhaA has been modeled on the basis of its hydropathy profile and its secondary structure as revealed by phoA fusion experiments (12) and also on the basis of its tertiary structure, elucidated using crystallographic analysis at a 7-Å resolution (13) . For EC NhaA, three Asp residues in the fourth and the fifth TMs (TM4 and TM5) are essential for ion transport (10) , whereas His-225 (11, 14) and Gly-338 (15) play important roles in pH sensing. Although extensive studies have been performed, the structure-function relationships that underlie mechanisms of ion transport and pH sensing are not fully understood.
We have previously shown that NhaA from Helicobacter pylori (HP NhaA) functions in E. coli where it exhibits a profile of pH sensing that is very different from that of EC NhaA (16) . HP NhaA is constitutively active from weak acidic to alkaline pH (pH 6.0 -8.5) in contrast to EC NhaA, which functions at alkaline pH (pH 7.5-8.5), even though they have extensive homology at the primary sequence level. We have analyzed the molecular basis underlying this difference in HP and EC NhaA pH sensitivity in an effort to elucidate the mechanisms of pH sensing by antiporters. Chimeric and random-mutational analyses have shown that the difference is not determined by the unique sequence found in the loop structure between TM8 and TM9 (loop 8) of HP NhaA but by the limited TMs (TM4, TM8, and TM10), which are highly conserved between the two NhaAs (17, 18) . Moreover, mutations causing severe reduction of activity at any pH range have been mapped to two distant regions in the primary sequence, TM4 -5 and TM10 -11 (18) . These results suggested that TM4, TM5, TM10, and TM11 together constitute the essential components of the ion transport pathway (18) .
TM4 contains residues important for both antiporter activity and pH sensing. However, the topological characteristics of these residues have not been described. Based on the hydrophilicity analyses of TM4 residues, we have proposed that residues between Ile-136 and Lys-154 are located within the hydrophobic intramembrane region (Fig. 1) (16) . However, the precise location of TM4 residues within the membrane is not known. Previous studies have shown that several residues within putative transmembrane domains of several transporters are located on the surface of a water-filled channel, possibly forming a part of a solute transport pathway (19 -21) . Therefore, determining the hydrophilic environment of all of the TM4 residues is essential for understanding the role of TM4 residues in forming a putative channel required for ion transport and pH-sensing mechanisms.
In this study, to investigate this phenomenon, we performed scanning cysteine substitution and chemical modifications of residues within TM4 and the neighboring loop regions of HP NhaA. 22 residues between Gly-135 and Val-156 were predicted to form a hydrophobic membrane domain. However, several residues within this region (Ile-136, Asp-141 to Ala-143, Leu-146, Met-150, Gly-153 to Arg-155) residing on one side of a putative ␣-helix are located in a hydrophilic environment, possibly facing a water-filled ion transport channel. Furthermore, the N-terminal region of TM4, including Thr-140 and Asp-141, was shown to be critical for binding of Na ϩ and Li ϩ as transport substrates and for conformational changes following substrate binding. These results provide an important structural insight into the ion transport pathways and transport mechanisms of the NhaA Na ϩ /H ϩ antiporter. (24) containing 87 mM KCl instead of NaCl. For growth on solid plates, agar (1.5% w/v) was added to the medium. Transformants were selected using an appropriate antibiotic. For analysis of salt tolerance in KNabc transformed with various plasmids, various concentrations of NaCl or LiCl were added to LB plates containing 87 mM NaCl. The plates and broth cultures were incubated at 37°C.
EXPERIMENTAL PROCEDURES

Materials and Reagents-Restriction
Construction of Expression Plasmids-Construction of HP NhaA expression plasmids derived from pBR322 (pBR-HP) has been described previously (16) . These plasmids express HP NhaA with a FLAG epitope tag at the 3Ј end of the coding region and under the control of the tet promoter. NhaAs expressed from these vectors contain an additional sequence, GMQ, at the junction of the FLAG tag sequence (DYKDDDDK).
Site-directed Mutagenesis-Site-directed mutations were introduced using the two-step PCR method (25) or the oligodeoxyribonucleotidedirected dual amber method (26) . Cys-less HP nhaA was constructed by replacing two native cysteine residues with serine (C226S/C344S). DNA fragments encoding Cys-less HP NhaA were cloned into pBR-HP instead of native HP NhaA. pKF19k harboring the gene of FLAG-tagged Cys-less HP NhaA was used as a DNA template for the oligodeoxyribonucleotidedirected dual amber mutagenesis method. DNA fragments encoding HP NhaA, in which a single cysteine had been introduced, were ligated back into the corresponding sites of pBR-HP. The DNA sequence of all of the mutagenized nhaA was verified by sequencing.
Immunological Detection of FLAG-tagged NhaAs-The expression of HP NhaA and its mutated derivatives was detected by Western blot analysis as described previously (17, 27) .
Preparation of Membrane Vesicles and Na ϩ /H ϩ or Li ϩ /H ϩ Antiporter Assay-Membrane vesicles from E. coli cells, which had been transformed with various expression plasmids were prepared as described previously (17) . Membrane vesicles (100 g) were resuspended in 2 ml of assay buffer (10 mM Tricine and 140 mM KCl adjusted to the desired pH with KOH) as described previously (10) . Proton flow was measured by monitoring 9-amino-6-chloro-2-methoxyacridine (ACMA) fluorescence quenching after the addition of potassium lactate (5 mM, pH 7.0), a substrate of the electron transport respiratory chain (22 To observe substrate-induced conformational change, 0.1 M KCl in the membrane sample buffer was replaced with 0.1 M LiCl. The modification reaction was stopped by adding 100 l of 20 mM dithiothreitol to the reaction mixture followed by ultracentrifugation at 200,000 ϫ g for 1 h at 2°C. The resultant precipitate was resuspended in 200 l of 10 mM sodium phosphate buffer, pH 7.4, containing 0.1 M NaCl, 1% Triton X-100, and 0.1% SDS. The suspension was centrifuged at 178,000 ϫ g for 30 min with an Airfuge (Beckman) to remove insoluble substances. The resultant supernatant was subjected to immunoprecipitation with anti-FLAG M2 monoclonal antibodies (Sigma) and protein G-agarose (Santa Cruz Biotechnology, Santa Cruz, CA). Immunoprecipitates were solubilized in 15 l of 0.125 M Tris-HCl buffer, pH 6.8, containing 4% SDS, 20% glycerol, and 0.004% bromphenol blue. SDS-gel electrophoresis was performed with the solubilized aliquot according to the method of Laemmli (28) . The 14 C-labeled NhaA protein was visualized and quantitated using a BAS1800 bioimaging system (Fuji Film, Tokyo, Japan).
Prevention of [ 14 C]NEM (final concentration, 0.5 mM) was added to the reaction mixture followed by incubation for 20 min, and then the mixture was diluted with 900 l of the same buffer containing 5 mM of unlabeled NEM. In the case of the cell suspension, the cells were collected and washed once with the same buffer immediately after dilution and then were disrupted by brief sonication. The membranes were collected by ultracentrifugation and solubilized, and NhaA proteins were immunoprecipitated as described above. Densities of radioactive bands following pretreatment with AMS were compared with those without AMS treatment.
DNA Manipulation and Other Procedures-Preparation of plasmids, digestion by restriction endonucleases, ligation of the DNA fragments by T4 DNA ligase, and other techniques related to DNA handling were performed according to published procedures (29) . The nucleotide sequences of DNA fragments cloned into the various expression plasmids in this study were determined using an automatic DNA sequencer (Model 377; Applied Biosystems, Foster City, CA). Protein concentration was determined by the Lowry method using bovine serum albumin as a standard (30) .
RESULTS
Construction and Expression of Single Cysteine Mutants of
HP NhaA-Prior to cysteine-scanning mutagenesis of HP NhaA, we constructed a Cys-less mutant NhaA by substituting serine for two native cysteine residues (Cys-226 and Cys-344) ( Fig. 1 ). When this Cys-less HP NhaA was expressed in the Na ϩ /H ϩ antiporter-deficient mutant E. coli strain, KNabc, the Na ϩ -and Li ϩ -sensitive phenotype of KNabc growth was modified and became similar to that of wild-type HP NhaA (data not shown). Since the Na ϩ /H ϩ and Li ϩ /H ϩ antiporter activities and pH dependence of Cys-less HP NhaA were almost the same as those of wild-type HP NhaA (data not shown), we used this protein as a starting material for the generation of a mutant series with single cysteine substitutions.
Residues located in the putative TM4 of HP NhaA (Leu-136 to Lys-154) and in its adjacent loop regions (Ser-130 to Gly-135 and Arg-155 to Leu-160) were sequentially replaced with cysteine ( Fig. 1) . Expression vectors for each of these single cysteine NhaA mutants were introduced into KNabc, and the expression levels of the mutant NhaA proteins in the mem-brane fraction were detected using antibodies against the FLAG tag, which was fused to their C termini. Although there was some variation in the expression level of the mutant NhaA proteins, all of the mutant proteins were expressed at levels similar to that of Cys-less HP NhaA with the exception of P157C (Fig. 2) .
Labeling of Introduced Cysteines with [
14 C]NEM-To determine the topology of the residues in TM4 and adjacent loops, we assessed the labeling of single cysteine residues in the cysteinescanning mutant NhaA series with [ 14 C]NEM (Fig. 3 ). Since maleimide reagents including NEM react with the deprotonated form of sulfhydryl groups and since the reaction requires a water molecule as a proton acceptor (21), this procedure was used for topological definition of the membrane domain. On the basis of hydropathy analysis, the boundaries between TM4 and its adjacent loop regions were predicted to occur at Gly-135 and Arg-155 (Fig. 1) . However, on the loop 3 side, sequential reactivity of NEM was observed up to F134C, although the reactivity of S130C was relatively low (Fig. 3) . Therefore, we concluded that the actual boundary is Phe-134 rather than Gly-135. On the loop 4 side, although K154C, P157C, T158C, and A159C were highly NEMreactive, R155C and V156C displayed relatively low and negligible reactivity, respectively. Therefore, we suggest that the transmembrane core of the helix runs from Pro-137 to Leu-152 at least. Since the minimal number of amino acids in a transmembrane helix is ϳ20 (31), the helix might be extended to Gly-135 and Val-156. Thus, in our model, TM4 is comprised of 22 residues (Fig. 3) .
Many NEM-reactive residues exist within TM4, even though the region has been demonstrated to traverse the lipid bilayer based on phoA fusion experiments (12) . I136C and two contiguous residues, I142C and A143C, which follow the essential Asp-141 (10), were highly reactive (Fig. 3, A and B) . Asp-141 exhibited lower albeit significant reactivity. The NEM-reactive residues, L146C, M150C, G153C, and K154C, also appeared periodically, every three or four residues, from A143C to the C terminus of TM4 (Fig. 3, A and B) . These C-terminal-reactive residues were mapped to one side of a putative ␣-helix based on a helical wheel model of TM4 (Fig. 3C) . These results suggest that one side of the ␣-helix in the C-terminal half of TM4 located in the region following Asp-141 faces a water-filled channel-like structure (Fig. 9) .
Inhibition of [ 14 C]NEM Labeling by Membrane-impermeable
Maleimide AMS-To next determine whether the residues that face the putative channel-like structure are accessible from the cytoplasmic side or the periplasmic side, we tested the effects of the membrane-impermeable reagent, maleimide AMS, on (2 g) from the KNabc strain transformed with the plasmid expressing FLAG epitope-tagged Cys-less or single cysteine mutant NhaAs were subjected to SDS-polyacrylamide gel electrophoresis (12.5% acrylamide). As a negative control, membrane proteins of pBR322 transformants were also analyzed. After electrophoresis, the proteins were transferred to a GVHP filter and probed with the anti-FLAG monoclonal antibody M2 (Sigma) and immunoreactive bands were visualized (16).
FIG. 1.
Native cysteine and cysteine-substituted residues on a secondary structure model of HP NhaA. The secondary structure model of HP NhaA predicted by hydropathy analysis is depicted (16) . Putative transmembrane domains are indicated by numbered boxes. The native cysteine residues (Cys-226 and Cys-344) shown by enlarged letters (C) were substituted to serine in Cys-less HP NhaA. The residues substituted to cysteine in TM4, loop 3, and loop 4 (Ser-130 to Leu-160) are shadowed.
NEM labeling of single cysteine mutants in intact cells. Since AMS is a more hydrophilic and bulky molecule than NEM, it is unable to pass through the lipid bilayer (21) . Thus, in intact cells expressing a single cysteine mutant NhaA, pretreatment by AMS should only block NEM labeling of cysteine residues that face the periplasmic side and not the cytoplasmic side (21) . As expected, the labeling of Q131C, which resides on the periplasmic loop (loop 3), was completely inhibited by AMS ]NEM binding is normalized to that of the A159C mutant, which is considered as being representative of typical residues located in the hydrophilic loop regions based on the hydropathy profile. C, helical wheel projection of the residues in TM4 viewed from the periplasmic side. The residues of cysteine mutants that gave high or low (not none) NEM reactivity in Fig. 3B are depicted as outlined letters on a black background or a gray background, respectively. Residues, which displayed 20 -40% reactivity (bold lines in B), are depicted by a gray circle. Residues having greater than 40% reactivity are shown by a black circle. (Fig. 4) . Labeling of I136C, also located on the periplasmic side, was blocked by AMS. In contrast, the labeling of the other residues for all of the cysteine-scanning mutants of NhaA was not prevented extensively by AMS. These results indicate that the residues facing the putative water-filled channel from Ile-142 onwards are not accessible from the periplasmic side and suggests that the putative pore opens onto the cytoplasmic side. The results also suggest that the putative pore ends in the proximity of Asp-141, because only the residues oriented on the N-terminal side (i.e. the periplasmic side) of Asp-141 are accessible from the periplasmic side. In sonicated membranes prepared from cells expressing these mutants, AMS successfully blocked NEM labeling of all of the residues (Fig. 4) . Because sidedness is not conserved in sonicated membranes, AMS can access cysteine residues from both sides of the lipid bilayer, which is consistent with our observations. Interestingly, I142C labeling of the sonicated membranes was not blocked in the presence of AMS (Fig. 4) , indicating that Ile-142 may be embedded in a narrow pocket on the surface of the putative channel-like structure that is accessible to NEM but not AMS.
TM4 of HP
NhaA Faces a Water-filled Channeltreatment
Alteration of [ 14 C]NEM Labeling in the Presence of Li
ϩ -We tested the effects of Li ϩ , one of the transport substrates for NhaA, on NEM labeling for all 31 single cysteine mutants. Although most of the mutant NhaA proteins, including I142C, were not affected by the presence of Li ϩ , the degree of labeling for the A143C mutant NhaA was decreased to 60% of that detected in the presence of K ϩ , which is not transported by NhaA (Fig. 5) . Therefore, the binding of Li ϩ to NhaA may induce a conformational change in the vicinity of this residue (Ala-143). Alternatively, the binding of Li ϩ may inhibit labeling by NEM more directly and in a competitive manner.
Antiporter Activity of Single Cysteine Mutants of HP NhaANa ϩ /H ϩ antiporter activities of everted membrane vesicles prepared from KNabc cells expressing single cysteine mutant NhaAs were tested at pH 7.5 in the presence of 5 mM NaCl, conditions under which full activity was observed for both wild-type and Cys-less HP NhaA (Fig. 6) . Most of the mutations that reduced antiporter activity to a level lower than that of the wild-type or Cys-less HP NhaA were located on the N-terminal half of TM4 between Met-138 and Phe-144. Specifically, T140C, D141C, and F144C mutations caused the most marked reduction in antiporter activity (Figs. 6 and 7) . These results suggest that the N-terminal half of TM4 including Thr-140, Asp-141, and Phe-144 plays an important role in antiporter activity.
None of the mutations introduced in this study influenced the pH dependence of antiporter activity. Basically, all of the mutants exhibited pH-dependent activity as was observed for wild-type and Cys-less HP NhaA (data not shown).
The in vivo activities of these single cysteine mutants were evaluated by testing their ability to complement the Na ϩ -and Li ϩ -sensitive KNabc phenotype. Cells expressing either the I142C or F144C mutant NhaA were not able to grow on solid medium that contained Li ϩ (0.15 M LiCl, pH 7.5) but could grow on Na ϩ -containing medium (0.65 M NaCl, pH 8.0). None of the other cysteine substitutions affected cell growth in either medium (data not shown). Therefore, these residues (Ile-142 and Phe-144) appear to be involved in Li ϩ /H ϩ antiporter activity. Kinetic Characterization of Antiporter Activities in Mutants T140C to F144C-To assess the roles of residues located between Thr-140 and Phe-144 in the antiporter mechanism, we analyzed kinetic parameters for these mutants (Table I ). For Na ϩ /H ϩ antiporter activity, apparent Michaelis-Menten constant (K m ) values of the T140C and D141C mutants increased Ͼ20-fold, whereas their maximal velocity (V max ) values were similar to that of Cys-less HP NhaA. In contrast, the I142C mutation decreased the V max of Na ϩ /H ϩ antiporter activity without significantly affecting the K m value. The F144C mutant exhibited the lowest V max and a moderate change in the K m value. The influence of these mutations on Li ϩ /H ϩ antiporter activity was not determined because of the very low activities of these mutants, which are consistent with the corresponding in vivo phenotypes. In contrast, the A143C mutant did not significantly influence the enzyme kinetic parameters After stopping the labeling by dilution with excess non-labeled NEM, the cells were disrupted by brief sonication. The membrane fractions were solubilized, and the NhaA proteins were immunoprecipitated. The radioactive bands on SDS-PAGE gels were visualized as described in Fig. 3A, upper (Fig. 8) . Na ϩ /H ϩ antiporter activities of all of the mutants were measured in the presence of 5 mM NaCl with the exception of T140C, D141C, and F144C. Their activities were assayed under 50 mM NaCl, because they had a lower K m value for Na ϩ and thus were expected to exhibit higher activity on the basis of the kinetic parameters shown in Table I . The I142C and A143C mutants were markedly inactivated by treatment with 1 mM NEM. The D141C mutant was partially inhibited by 1 mM NEM, and the extent of this inhibition increased following exposure to higher concentrations of NEM (5 mM NEM). This property seems to correlate with its partial reactivity to [ 14 C]NEM (Fig. 3) . In contrast, L146C, M150C, G153C, K154C, and R155C mutants were scarcely inactivated by 1 mM NEM, even though these mutants reacted well with [ 14 C]NEM (Fig. 3) . For the L146C mutant, no NEM inhibitory effect was observed, at least at concentrations up to 5 mM. Similarly, the loop 4 mutant, A159C, was also not affected by 1 mM NEM. Since T140C and F144C did not react with NEM (Fig. 3B ), they were not affected by NEM as expected (Fig. 8) . These results indicate that the region possessing functionally important residues (Asp-141 to Phe-144) is sensitive to NEM modification of residual Na ϩ /H ϩ antiporter activity, whereas the C-terminal half of TM4, which faces a water-filled channel (Leu-146 to Arg-155), is resistant to this modification. DISCUSSION We previously predicted that TM4 comprises part of a putative channel required for transport of Na ϩ , Li ϩ , and/or H ϩ based on precise mutational analyses of HP NhaA (18) . The channel was predicted to face a hydrophilic environment, because Na ϩ , Li ϩ , and H ϩ ions are hydrated in aqueous environments. In this study, we assessed the hydrophilic environment of each TM4 residue by measuring its susceptibility to [ 14 C]NEM binding, thus providing evidence for the existence of the predicted channel. Accordingly, we suggested that the core region of transmembrane ␣-helix runs from Pro-137 to Leu-152, which is thought to be an essential component of the putative channel. Because the average number of residues comprising a transmembrane domain is ϳ20 (31), the ␣-helix might extend to Gly-135 and Val-157 at most. The precise boundary residues of TM4 and the peripheral loop regions are difficult to determine at present. In the hydrophobic transmembrane domain, residues Ile-136, Asp-141 to Ala-143, Leu-146, Met-150, and Gly-153 to Arg-155 were susceptible to NEM labeling upon cysteine substitution (Fig. 3) , suggesting that these residues are exposed to a hydrophilic channel. Because these residues could be located on one side of the ␣-helix as deduced from a helical wheel prediction, this part of the helix may face a water-filled channel (Fig. 9) . The ion transport channel is predicted to be organized as follows. The water-filled channel extends to the cluster of functionally important residues between Met-138 and Phe-144 in the N-terminal half of TM4. NEM labeling and AMS inhibition experiments demonstrated that the channel facing the residues between Asp-141 and Arg-155 probably opens to the cytoplasmic space, whereas in the transmembrane domain, only Ile-136 is exposed to the periplasmic space. Because the residues between Gly-135 and Thr-140 showed minimal reactivity to NEM (Fig. 3) , this region may form a Na ϩ transport barrier in the absence of a H ϩ gradient (Fig. 9) . The difference in NEM reactivity between the N-terminal and C-terminal halves of TM4 might be due to a tilt and/or kink of the helix that causes an interaction between the N-terminal half of TM4 and another half of the transmembrane helices, which remains to be identified by future studies. In the N-terminal half of TM4, no and very low NEM reactivity of T140C and D141C, respectively, are striking compared with other TM4 residues. As discussed below, these two residues are possibly the substrate ion binding sites. Their potential role as substrate binding sites seems to be in conflict with their lack of accessibility to NEM labeling. One explanation is that these two residues may be exposed to the substrate ions by a local conformational change during transient ion translocation. The negligible reactivity of D141C with NEM is in sharp contrast to that of the D133C mutant of EC NhaA (the counterpart of HP NhaAEC NhaA Asp-141), which was reported by Galili et al. (32) to be highly NEM-reactive. At pH 7.0 -7.5, conditions under which the [ 14 C]NEM-labeling experiments were performed in this study, the antiporter activity of EC NhaA is very low (16) . Thus, the reported high reactivity of EC NhaA Asp-133 may not reflect the active state. It is possible that in the inactive EC NhaA the Asp-133 binding site is exposed to the putative channel.
Of the 31 single cysteine mutants, the mutations that produced defects in Na ϩ /H ϩ antiporter activity are clustered in the N-terminal half of TM4 (from Met-138 to Phe-144). In this region, T140C and D141C mutants exhibited the most severe deficits (Fig. 7) . This is consistent with previous random and site-directed mutagenesis studies (10, 18, 32) . Moreover, kinetic analysis (Table I) indicated that the mutations of T140C and D141C increased K m values for both Na ϩ and Li ϩ compared with that of Cys-less HP NhaA but barely influenced V max values. These results clearly support the notion that these residues constitute part of the Na ϩ and Li ϩ binding site. Thr-140 may be crucial for alkaline cation binding, as the K m of the T140C mutant NhaA was higher than that of D141C NhaA. The importance of threonine and serine hydroxylation for cation transport has also been reported for the Na ϩ , K ϩ -ATPase, and K ϩ channels and other types of Na ϩ /H ϩ antiporters such as NhaDs (33) (34) (35) . It is noteworthy that cysteine substitution of Phe-144 induced significant defects in antiporter activity and that this residue is located on the same side of the TM4 ␣-helix as Thr-140 (Figs. 3C and 9 ). Because the functionally important residues in TM4, as discussed here, reside mainly on one surface of the ␣-helix (Fig. 9 ), TM4 could be an essential element of the putative ion-transporting channel as has been predicted previously (18) .
We demonstrated that the mutation of Ile-142 or Phe-144 induces marked inhibition of Li ϩ /H ϩ antiporter activity in vitro and in vivo (Table I and observed for F144C suggests that Phe-144 might partially contribute to substrate binding. The A143C mutant of NhaA exhibited similar properties to Cys-less HP NhaA for both K m and V max values (Table I) , and its extent of NEM labeling was reduced in the presence of Li ϩ but not K ϩ (Fig. 5) . These results suggest that, although this residue is not directly involved in the antiporter mechanism, the hydrophilic environment around the residue changes in the presence of Li ϩ . Thus, these results also suggest that a restricted region located between Ile-142 and Phe-144 is closely involved in Li ϩ binding and also in the consequent local conformational change of NhaA. A143C labeling was not affected by Na ϩ but was affected by Li ϩ (data not shown). Therefore, the binding of Li ϩ with its smaller atomic radius than Na ϩ (36) might induce more extensive conformational changes in NhaA. This may reflect a closer fitting of Na ϩ to the binding site, which would be expected to induce a less extensive conformational change than that induced by Li ϩ . We have previously reported that F144L and F144C mutations of wild-type NhaA rather than Cys-less NhaA exhibited antiporter activities that were stimulated at alkaline pH as observed for EC NhaA (18) . However, all of the single cysteine mutants constructed in this study including F144C failed to exhibit obvious alterations in antiporter pH dependence. This discrepancy could be attributed to the replacement of a native cysteine residue, Cys-344, which is located in TM10 with serine ( Fig. 1) . Our previous data suggest that Lys-347 in TM10 is proximal to TM4 (18) and that Cys-344 exists on the same surface of the TM10-putative ␣-helix as that of Lys-347. Therefore, the substitution of Cys-344 with serine may affect the conformation of a domain in TM4 that is required for pH sensing.
In this study, we have proposed an ion transport channel that is minimally constituted by the putative ␣-helix in TM4. Such hydrophilic channels or pores have been proposed for other transporters of organic compounds including the Glc-6-P/P i antiporter (UhpT) (19) , the lactose permease (LacY) (20) , and the tetracycline/H ϩ antiporter (TetA(B)) (21) using the same strategy as this study. Our results support the idea that NhaA has a hydrophilic channel similar to that found in organic compound transporters, although the structural details are not clear at present. This idea also suggests that other TMs, possibly TM5, TM10, and TM11, are involved in the formation of this putative transport channel.
Previous cysteine-scanning mutagenesis studies of the tetracycline/H ϩ antiporter TetA(B) showed that NEM modification of most residues facing the water-filled channel caused inactivation of transport activity (21, 31) . This suggests that NEM binding may sterically hinder the translocation of the substrate through the water-filled channel. Here, we also tested the effect of NEM binding on residual antiporter activity of the single Cys mutant NhaAs. Interestingly, NEM modifications of the region comprising the water-filled channel in the C-terminal half of TM4 (Leu-146, Met-150, Gly-153, Lys-154, and Arg-155) did not inhibit antiporter activity. These results are consistent with the notion that these residues are not directly involved in cation binding and suggest that the water-filled channel from the cytoplasmic space to Leu-146 may be wide enough for the substrate (Na ϩ and/or H ϩ ) to pass through, even after NEM modification. This observation is different from the result for TetA(B), but the difference may simply reflect the difference in size between tetracycline and Na ϩ (or H ϩ ). NEM-induced modification of the D141C, I142C, and A143C HP NhaA mutants of HP NhaA markedly inactivated their residual Na ϩ /H ϩ antiporter activities (Fig. 8) . This suggests that these residues form the substrate binding site or are located in close proximity to the binding site. NEM binding may induce a conformational change leading to further inactivation of the binding site or simply inhibit the access of the substrate cation to the binding site.
Based on the present results and on the previous data obtained by HP/EC NhaA chimeric analysis and random or sitedirected mutagenesis (17, 18) , we proposed a model for the ion transport pathway of NhaA as follows. TM4 forms part of the hydrophilic pore, which acts as the putative substrate ion pathway opening onto the cytoplasmic space. The pathway may comprise TM5, TM10, and TM11 in addition to TM4 (18) . The substrate binding site(s) may be formed by Thr-140, Asp-141, and Phe-144 on TM4. Asp-171, Asp-172 on TM5 (10), and Lys-347 on TM10 may also contribute to this putative binding site (18) . Conformational change in proximity to Ile-142, Ala-143, and Phe-144 on TM4 may be caused by substrate binding, leading to the translocation of the substrate ions. To our knowledge, this is the first report of the systematic analysis of the topology of amino acid residues within a transmembrane domain required for Na ϩ /H ϩ exchange.
